Abstract-We describe the phase dynamics of a timing extraction system based on direct optical injection locking of a multifrequency oscillator employing an InGaAs/InP heterojunction bipolar phototransistor. We present a general model for the locking range, jitter transfer function, and output phase noise. The model is confirmed by a series of locking experiments. We consider first fundamental timing extraction, that is, a 10-GHz oscillator extracting the clock from a 10-Gbit/s data stream. Second, we address superharmonic timing extraction where 40-Gbit/s data lock the fourth harmonic of the 10-GHz oscillator. In the superharmonic timing extraction case, a clock is extracted at 40 GHz as well as its subharmonics at 10, 20, and 30 GHz.
I. INTRODUCTION
R ELIABLE timing extraction and signal synchronization are key elements of any receiver. As data rates of fiber communication systems increase, timing extraction becomes exceedingly difficult, requiring complex combinations of electronic and optoelectronic schemes. A timing recovery system generates a clock signal, which has to be locked to a jitter carrying received signal; namely, it has to follow the uncertainty in the arrival time of a noisy data. Implementation of most timing extraction systems makes use of a component at the bit-rate frequency in the received spectrum. In some cases, this component is inherently present, while in other cases, it has to be generated by some processing. The spectral component at the bit-rate frequency can be simply filtered, but more commonly it serves to frequency-or phase-lock an oscillator whose output is the timing signal. The locking process prevents static phase errors due to slow drifts of the input clock frequency, which can be severe when narrow-band fixed filters are used.
The theory governing jitter in timing circuits has been studied extensively, mainly in relation to regenerative repeaters in low-or moderate-bit-rate communication channels. The most common timing circuits make use of a single tuned high-Q resonator [1] - [3] or a phase-locked loop (PLL) [4] , [5] . Clock recovery in high-bit-rate optical channels employs optoelectronics and all-optical schemes, including PLLs with an optical or an optoelectronic phase comparator [6] - [9] . A unique timing extraction system based on direct optical injection locking of a 10-GHz self-oscillating InP/InGaAs bipolar heterojunction phototransistor (photo-HBT) was demonstrated recently [10] . The oscillator, described schematically in Fig. 1 , uses a photo-HBT operating in a common emitter feedback configuration where the transistor acts as an amplifier with a hard limiter. The collector serves as the output and is also fed back to the base via a narrow bandpass filter. The optical input signal is coupled to an opening in the base electrode, and the detected data signal is converted to a base-collector current, which injection-locks the oscillator.
The oscillator output at the collector port exhibits several harmonics, as seen in the insert of Fig. 1 . This multifrequency operation enables the same 10-GHz oscillator to extract the clock of signals at any bit rate that is an integer multiple of 10 Gbit/s. Indeed, we have reported in [10] clock extraction of 10-and 40-Gbit/s return-to-zero (RZ) signals from the same 10-GHz oscillator. Fig. 2 shows the injection-locking processes for the two input bit rates as reported in [10] .
A detailed characterization of the timing extraction process requires a quantitative model for the phase dynamics of the oscillator as well as systematic locking experiments, both of which are presented in this paper. In Section II, we formulate a model for the photo-HBT oscillator in terms of a general timing extractor. The model yields quantitative predictions for the locking range, the phase noise, and the jitter transfer of the extracted signal. The locking range is treated as in analog injection-locked oscillators, where in this case it defines the frequency range within which the jitter has to fall in order for the timing extractor to operate properly. The phase noise of the extracted signal determines the quality of the sampling in the decision circuit. Injection locking of signals at the fundamental oscillator frequency (10 GHz in the present case) and superharmonic locking (at 20, 30, and 40 GHz) are considered separately. In Section III, we describe a series of experiments, which confirm the theoretical predictions. Section IV is devoted to conclusions.
II. TIMING EXTRACTION MODEL

A. Fundamental Timing Extraction
The analysis of timing extraction by the photo-HBT-based oscillator uses the formalism introduced by Trischitta and Varma [11] . The model makes use of a general timing extractor described schematically in Fig. 3 comprising two components. One squares the input data signal , generating a spectral component at a frequency equal to the bit rate ; the second is a narrow bandpass filter centered at . The jitter of the extracted clock is determined by the random nature of the input data, by amplitude and phase noise carried by the input signal, and, for active filters such as locked oscillators, by noise originating from the filter itself [11] . The injection-locked photo-HBT-based oscillator (Fig. 1) combines the two functions, with the detection process being the squarer and the injection-locking mechanism representing a narrow filter.
The envelope of the optical input is , a cyclostationary data signal (1) where is the binary data symbol taking the values {0, 1} with equal probabilities, represents the pulse shape, is the pulse repetition period, and and are the input jitter and amplitude noise, respectively. The squared signal passes a narrow bandpass filter with an impulse response yielding the desired extracted timing signal . The output signal contains the noise , which has the following general form [11] : (2) Equation (2) has four components:
is a pattern-dependent but input noise-independent component, which is a consequence of the timing extraction process itself and the random nature of the data sequence. and stem from the input noise, and is a contribution that couples the pattern-dependent effect and the input noises. The sum of the four noise terms is convolved with , the impulse response of a linear jitter filter, which is the inverse Fourier transform of [11] for (3) Equations (2) and (3) state that the output and input jitters are related through a linear, time-invariant function, the jitter transfer function , which is the normalized low-pass equivalent of the bandpass filter at the frequency 1 , with being the transfer function of . For a noiseless input signal, the output jitter is only due to the pattern-dependent component . This case is special in that it allows [11] to calculate analytically the average power spectrum of (4) where is the power spectrum of . contains a continuous spectrum and discrete components at integer multiples of , resulting from 's being cyclostationary. The amplitude of the discrete components in will be shown below to have a major impact on the timing extractor characteristics. The power spectrum of the filtered signal can also be calculated
The continuous spectral component of added to the discrete components at is the pattern-dependent jitter.
To find the equivalent bandpass transfer function of the photo-HBT self-oscillator, we use the well-known formalism of phase dynamics in an injection-locking process. This leads to an equivalent jitter transfer function , from which we get using (3). A simple model of a noisy injection-locked oscillator is shown in Fig. 4 . It consists of a negative resistance device (which models the HBT), a single RLC resonator, a noisy injected signal of the form , and a normalized complex noise impedance . Under injection-locking conditions, the phase relationship between the oscillator and the injection source can be described as [12] - [14] ( 6) where ( ), ( ) are, respectively, the instantaneous phases and the amplitudes of the oscillator and the injection signals. The free-running angular frequency and quality factor are and , while is the quadrature phase component of the noise signal, assumed to be ergodic [15] .
For small noise levels, we may linearize (6) with and , where ( ) denotes a steady-state phase and , describe small phase fluctuations. The power spectral density of the oscillator phase fluctuations is then given by [16] (7) where is half the 3-dB bandwidth of the oscillator tank circuits, i.e., the cutoff frequency of the bandpass filter of the HBT-based oscillator; is the power spectral density in the absence of an injected signal, with being the power spectral density of the quadrature phase component of the normalized noise impedance; and is the power spectral density of the phase fluctuations of the injected signal.
Under phase-locking conditions, (7) becomes (8) where is the phase noise of the injected signal, , with being the phase noise of the free-running signal, and being the jitter transfer function of the photo-HBT based oscillator and is given by (9) where is the locking range defined as the spectral region within which the external signal, at frequency , can be tuned while the amplitude of the locked signal remains close to its free-running value.
The locking range is obtained from the well-known Adler equation [13] (10) Inserting (10) into (9) and substituting in (8) leads to, under phase-locking conditions, (7) . Equation (9) implies that the jitter transfer function of the photo-HBT-based oscillator has the form of a low-pass filter with a cutoff frequency that exactly equals the locking range of the system. The relationship between the output jitter and the input jitter is directly obtained from (8)- (10) . is the offset frequency ranging from 10 to 10 Hz. The jitter of the incoming signal is a sinusoidal function with frequency , and the locking ranges used are 1, 10, and 100 KHz. Here, the phase noise of the incoming data was assumed to be larger than that of the free-running signal over the entire frequency range.
The results for the phase noise of the locked signal [ Fig. 5(a) ] are essentially the same as those derived by Kurokawa [17] for injection locking of a sinusoidal signal and also discussed extensively by Day et al. [18] . The two key features are as follows.
1) The output noise is that of the injected signal over most of the locking range, but at the locking range edge and beyond it, it approaches and eventually equals the noise of the free-running oscillator. Referring to the general time extractor schematic in Fig. 3 , the detection process in the photo-HBT acts as the squarer, while the injection-locked self-oscillator fulfills the filtering function. The transfer function of the bandpass filter can be found using (3) and (9) (11)
The locking range depends on the power of the spectral line at , which can in turn be related to the pulse shape. The power spectrum of the detected signal is obtained by a modification of (4), where due to the nature of the optical detection process, it is necessary to substitute the power spectrum of for that of .
The amplitude of the detected signal that locks the oscillator is (12) where is the quantum efficiency of the device and is the wavelength in m.
For an open-loop oscillator bandwidth that is much smaller than three times the clock frequency, i.e., , 
Substituting (14) into (9) Equation (15) implies that the jitter transfer function of the photo-HBT-based oscillator depends on the optical pulse shape, which is not the case for a simple bandpass filter [see (3)]. The locking range is proportional to the power spectrum of , as seen in (14), and hence to the pulse shape. Modeling the pulses as super-Gaussian, , we calculate the locking range versus normalized pulse width ( ) for different values of . Fig. 6 shows the cases of and , as well as the case of a rectangular pulse. The locking range for RZ pulses is maximum when their width approaches zero, independent of . It decreases monotonically as the pulses widen, reaching a minimum (larger than zero) for NRZ pulses where . The behavior of the locking range is directly related [through (9) ] to the cutoff frequency of the jitter transfer function.
B. Superharmonic Injection Locking
In superharmonic injection locking, the clock frequency is close to some integer multiple of the fundamental free-running oscillator frequency . For superharmonic injection locking with factor , the locking range of each harmonic is defined as the spectral region within which the external signal, at frequency , can be tuned while the amplitude of the harmonic at remains close to its free-running value. When the influence of dispersive components in the oscillator is negligible, the expression for the locking range of each harmonic is given by (16) where is the amplitude of the th oscillator harmonic. The HBT nonlinearity mediates mixing processes between the various harmonics of the oscillating and injected signals. The resulting mixing products overlap the oscillator harmonics at ; the amplitude of the mixing product at is termed in (16) . Since the harmonics of the oscillator and the injected signal experience the same HBT nonlinear transfer function, we get (17) where is the amplitude of the mixing product at . Substituting (17) in (16) results in (18) where is the locking range of the fundamental freerunning signal at . The amplitude can be expressed as (19) where the notation represents the amplitude of the mixing product between the harmonic of the oscillator (at ) signal and the harmonic of the injected signal (at ). is the largest harmonic number defined by the bandwidth of the HBT, and , , are parameters that characterize the mixing efficiency between the appropriate mixing products in the HBT [19] . In the case where , , (19) becomes (20) Equation (20) states that the amplitude of the mixing product that injection-locks the phase of the fundamental oscillator harmonic is mostly determined by mixing between the injected superharmonic at and the ( 1) harmonic of the free-running signal.
Using (9) and (11), in the case of superharmonic timing extraction, the jitter transfer function of the th harmonic and its appropriate bandpass filter are
The phase noise of the locked th harmonic can be calculated using (8) ( 23) where is the phase noise of the th mixing product and , with being the phase noise of the th harmonic of the free-running signal.
From (21) and (23), we see that the phase noise at offset frequencies covering most of the th harmonic locking range (
) is approximately that of the mixing product between all the harmonics present that originate from either the oscillator or the injected superharmonic signal. At large offset frequencies, the noise approaches that of the th harmonic of the free-running signal (i.e., ). There are two distinct cases to be considered in superharmonic timing extraction: In the first, the photo-HBT-based oscillator is used to extract the clock at . The spectral component of high-bit-rate incoming data is used to lock the th harmonic of the oscillator. The parameter of interest is then , which, using (18) , is
Substituting (24) in (21) and (22) yields the jitter transfer function and its appropriate bandpass filter. The jitter behavior of the extracted clock is directly obtained when we substitute in (23), which implies that the phase noise of the extracted clock at is approximately that of the injected superharmonic signal over most of the locking range and approaches that of the th harmonic free-running signal (i.e., ) at large offset frequencies. It means that injection locking at a harmonic of the fundamental frequency results in a jitter performance of the extracted clock that is not different than that of fundamental injection locking.
The second case of superharmonic timing extraction relates to high-bit-rate input signals that are optically time-domain multiplexed. Superharmonic injection locking can, in principle, enable an extracted clock at , , for the purposes of demultiplexing. In this case, the phase noise of the th harmonic of the oscillator at offset frequencies close to the th carrier is approximately that of the appropriate mixing harmonic signal (i.e., ) over most of its locking range and approaches that of the th harmonic free-running signal (i.e., ) at large offset frequencies. This means that the jitter of the extracted clock at does not follow that of the incoming high-bit-rate data, but rather changes as (25) The above implies that a high-quality demultiplexing clock cannot be extracted directly and should be obtained by extracting the clock at the multiplexed rate and dividing it by a factor in a separate processing system. Fig. 7 shows (a) a calculated phase noise and (b) jitter transfer function versus frequency offset from the carrier. All the relevant harmonics are shown for the case of a 40-GHz input signal feeding a 10-GHz oscillator. Both the internal and the injected noise are assumed to follow the ideal 1 dependence, where is the offset frequency varying in the range of 10-10 Hz. The jitter of the incoming signal is a sinusoidal function with frequency , and the locking range is 10 KHz. The calculated results for the phase noise [ Fig. 7(a) ] show that the phase noise of the locked signal at 40 GHz tracks that of the incoming data at offset frequencies covering its locking range and approaches that of the fourth harmonic free-running signal for frequencies beyond the locking range. However, the figure also shows that, according to the prediction of (25), the phase noise of the locked signal at 10 GHz (fourth subharmonic) is dB lower than that of the locked signal at 40 GHz over the entire frequency range. Namely, it does not track that of the incoming data for any frequency. The calculated results for the jitter transfer function [ Fig. 7(b) ] demonstrate the same characteristics.
III. EXPERIMENTAL RESULTS
The oscillator we experimentally investigated (shown in Fig. 1 ) operated at 10 GHz and used an InP/InGaAs photo-HBT with and of approximately 120 GHz and a bandpass filter with . To characterize it as a timing extractor, it is necessary to examine the injection-locking process with an input data signal that is phase modulated. For small jitter levels, it is sufficient to measure the FM response of the photo-HBT-based oscillator, i.e., the modulation frequency of the optical signal is varied around the bit-rate frequency as the output characteristics of the oscillator are measured. The experiments yield the locking range, phase noise, and jitter transfer function, which directly define the frequency range in which the jitter of the extracted clock follows that of the incoming data. 
A. Fundamental Timing Extraction Measurements
For fundamental timing extraction, the optical signal coupled to the photo-HBT was modulated at 10 GHz. The measurement described in Fig. 8 shows a linear locking range dependence for the fundamental oscillator harmonic on the optical power coupled to the HBT. Since the detected signal is proportional to optical power, Fig. 8 is consistent with (10) . Fig. 9 describes the capabilities of the system to track the noise of the incoming data for a locking range of 16 KHz (corresponding to mW). Fig. 9 (a) describes the phase noise and clearly illustrates the theoretical predictions that the noise at offset frequencies close to the bit-rate frequency is approximately that of the incoming data and approaches that of the free-running oscillator for frequencies beyond the locking range. Fig. 9(b) shows the jitter transfer function (for the same locking range of 16 KHz). Shown are the amplitude of the locked signal; the measured jitter transfer, which was extracted from the measured phase noise of the injected, free-running, and locked signals using (8) ; and the calculated jitter transfer based on a single pole function. The results demonstrate that within the locking range, the jitter of the recovered clock does indeed follow that of the incoming data, and that a single-pole functional form description for the jitter transfer is a good approximation up to frequencies that are almost two orders of magnitude larger than the locking range. At frequencies much higher than the locking range, the ratio between the measured phase noise of the free-running signal and that of the incoming data is constant (which was not the case in the theoretical example in Section II-A). This results [using (8) ] in a constant jitter transfer behavior, as seen clearly in Fig. 9(b) .
B. Superharmonic Timing Extraction Measurements
For superharmonic timing extraction experiments, we employed the same 10-GHz oscillator, but the optical input signal was modulated at 40 GHz, thereby locking the fourth harmonic. Recovered clock signals at 40 GHz as well as at 10 GHz (the fourth subharmonic) were examined. Fig. 10 describes the locking range of all four locked harmonics as a function of the optical input power coupled to the HBT. The locking range is found to linearly depend on the input power for all harmonics and to follow the dependence as predicted by (18) .
The capabilities of the system to track the noise of the incoming 40-Gbit/s data are described in Fig. 11 . The optical input power was in this case mW, resulting in a locking range of 8 KHz. Fig. 11(a) describes the phase noise and clearly illustrates the theoretical predictions that the noise at offset frequencies close to the bit-rate frequency is approximately that of the incoming data and approaches that of the fourth harmonic free-running signal for frequencies beyond the locking range. Fig. 11(b) shows the jitter transfer function (for the same locking range of 8 KHz). Shown are the amplitude of the locked signal (at 40 GHz), the measured jitter transfer, which was extracted from the measured phase noise of the injected signal, the fourth harmonic free-running signal and locked signal (at 40 GHz), and the calculated jitter transfer based on a single pole function. The results demonstrate that within the locking range of the incoming signal, the jitter of the recovered clock does indeed follow that of the incoming data, and that the jitter transfer function has a single pole functional form. As for fundamental injection locking, at frequencies much higher than the locking range, the ratio between the measured phase noise of the signal's fourth harmonic and that of the incoming data is constant (which is inconsistent with the theoretical example in Section II-B). Consequently, the jitter transfer function calculated from (23) is constant, as seen in Fig. 11(b) .
An example for the case where the extracted clock is meant to serve for demultiplexing purposes with the data at GHz and the extracted clock at 10 GHz is shown in Fig. 12 . The locking range was 8 KHz for the 40-GHz locked signal ( mW). Fig. 12(b) demonstrates that the phase noise of the fourth harmonic (at 40 GHz) tracks that of the incoming data at offset frequencies that cover the locking range. However, due to the fact that the noise of lower harmonics degrades relative to the incoming (40 GHz) data by a factor of , as predicted by (25), the phase noise of the first harmonic (at 10 GHz) is approximately 12 dB lower than that of the fourth harmonic, i.e., the noise of the recovered clock at subharmonics of the incoming data rate does not track that of the incoming data over the entire frequency range. The jitter transfer function, which is described in Fig. 12(b) for both the 40-and the 10-GHz signals, illustrates the same conclusion. The figure demonstrates that within the locking range, only the jitter of the recovered clock at 40 GHz follows that of the incoming data. However, the jitter of the locked signal at 10 GHz degrades by 12 dB, as was predicted by the theory.
IV. CONCLUSION
To conclude, we have presented a general model for a timing extractor based on direct optical injection locking of a multifrequency self-oscillating photo-HBT. We calculate the locking range, jitter transfer function, and output phase noise and confirm the calculations in a series of experiments. Fundamental locking at 10 GHz, as well as superharmonic locking where a 40-Gbit/s data stream locks the fourth harmonic of the 10-GHz oscillator, were demonstrated. In both cases, we have shown that within the locking range, the output phase noise follows that of the input, while outside the locking range, it approaches the free-running noise. For superharmonic locking, we also examined the extraction of a 10-GHz clock from 40-Gbit/s data (to be used for demultiplexing). The noise of this extracted clock does not follow the input noise so that a better demultiplexing clock can be obtained by processing the recovered clock at the bit-rate frequency.
